This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Abstract. The microstructure of the oxide scale and metal bulk in ferritic 9Cr-1Mo steel was observed in order to explore the oxidation and carburisation mechanisms upon exposure to a CO2 gas environment at high temperature and high pressure. An experimental 9Cr-1Mo steel sample that had been oxidised at 580ºC for more than 165000 hrs in the coolant gas consisting primarily of CO2 gas was analysed. In order to elucidate the oxidation characterisation, scanning Raman spectrometry was used to analyse the oxide close to the metal/oxide interface. Carbon was found to be deposited in the spinel layer. The microstructure and the distribution of elemental chemical composition were examined and analysed using optical and high-resolution scanning electron microscopy combined with energy dispersive X-ray analysis. Raman signals from the oxide scale were analysed in order to explore the possibility of deriving strain information close to the oxide-metal interface. The results are discussed with relation to understanding the mechanisms of oxidation and carburisation which aim to underpin extension of the service life of components fabricated from this steel.
Introduction
9Cr-1Mo steel is used as a structural material in advanced gas-cooled nuclear reactors (AGR) operated in the UK [1] [2] [3] . The selection of this steel was based on its excellent high temperature creep strength, low oxidation rate and ease of weldability 4 . However, changes in the physical, mechanical and chemical properties occur as a result of thermal aging and exposure to the hot CO2 coolant gas mixture. There is a general consensus that the corrosion in CO2 gas at high temperature proceeds in two stages corresponding to the following reactions 5 :
where M represents Fe and Cr. Previous workers have proposed that at 550°C a duplex oxide is formed via these reactions by outward growth of magnetite (Fe3O4) at the oxide-gas interface and inward growth of spinel (FexCr3-xO4) at the metal/oxide interface [6] [7] [8] . In addition carbon diffuses inwards resulting in carburisation of the metal matrix and production of carbide precipitates 9 -12 . Equations (1) and (2) represent the processes of oxidation and carburisation respectively. Under certain conditions, oxidation can proceed rapidly, resulting in a thick oxide composed of multi-layered spinel and magnetite 13 . This breakaway oxidation is influenced by sample geometry and commonly occurs at sharp corners or edges. In addition, oxide cracking frequently accompanies breakaway oxidation, but it is unclear whether this is a cause of the breakaway, for example allowing ingress of gas to the metal-oxide interface, or whether it occurs after breakaway initiation due to rapid oxide growth. Figure 1(a) shows a schematic diagram of the oxidation process, while Figure 1(b) shows the stages of oxide growth including breakaway. An understanding of the strain fields within the oxide close to the interface with the metal would be instructive in determining whether cracking is a cause or an effect of breakaway oxidation 14 . 
Materials and experiments
An experimental sample of ferritic 9Cr-1Mo steel was prepared and the bulk chemical composition from wet analysis provided by EDF Energy is analysed from original cast FA171 which is shown in Table 1 . The specimen was exposed in an autoclave, located within an AGR reactor containing flowing gas that is electrically heated. The representative conditions within the autoclave are flowing CO2 gas containing small amounts of CO, H2, H2O and CH4, at 580 ºC with the sample exposed for about 165000 hrs. Prior to examination, the specimen was mechanically polished using SiC abrasive papers and diamond paste followed by vibro-polishing with colloidal silica suspension to obtain a finely polished surface suitable for optical microscopy (OM), scanning electron microscopy in combination with energy dispersive X-ray spectroscopy (SEM-EDS) and laser Raman spectroscopy (LRS). The thickness of the oxide was measured at a fin tip.
A Carl Zeiss Sigma field emission gun scanning electron microscope (FEG-SEM) fitted with an Octane Plus TM EDS system from EDAX TM was used for SEM-EDS analysis. High resolution secondary electron (SE) images were obtained. TEAM EDS software was used for acquiring spectra and mapping. All the EDS analysis was undertaken at 15keV primary electron energy. The electron beam interaction volume for this analysis was estimated to be approximately 500 nm in diameter.
A Renishaw inVia Raman spectrometer incorporating a Leica optical microscope with a Leica N-plan 50x objective lens (NA=0.75) was used for acquisition of Raman spectra and maps. The instrument uses a 532 nm wavelength Nd: YAG laser. The maps and spectra were processed using Renishaw Wire version 4.3 software. The Raman map was obtained by scanning over a 40×40 µm region, moving the stage in 1 µm steps and acquiring for 40 s per point. 10% laser power was used to limit specimen damage, corresponding to 3mW power at the sample surface. Calibration was performed automatically using a silicon sample integral to the instrument.
Results
Optical micrographs of the metallurgically polished specimen and a region of oxide at the fin tip corner are shown in Figures 2 a) and b) respectively. The oxide thickness at this point was approximately 430 µm and the morphology of the oxide is multi-layered. A crack is present in the oxide, extending radially to the fin corner.
The thickness of the oxide, together with the presence of multi-layering and cracking is evidence that the specimen has entered the breakaway oxidation regime. The Raman spectra for both Cr2O3 and FeCr2O4 contain peaks at around 553 cm
, but for the former the peak is much narrower, corresponding to the A1g mode 13 and accompanied by a smaller peak at 610 cm -1
. For the FeCr2O4 reference spectrum, the peak at 554 cm -1 is broad, and there is a further peak at about 684 cm Two further main peaks are present in the spectra from the oxide here; one at 1350 cm -1 and a second at 1587 cm -1 in Figures 4b) and c) . These are consistent with spectra from carbon in the form of graphite with the low-degree order.
Raman intensity distribution maps of area marked in Figure 3 were obtained from the 555, 684 and 1350 cm -1 peaks by extracting local peak intensity values and plotting them as a function of position, shown in Figure 6 . By observing the Raman spectra at each position in the maps, it can be demonstrated that the bright regions in the 555 cm -1 intensity map of Figure 6 a) correspond to the narrower peaks at 555 cm -1 and 600 cm -1 associated with Cr2O3 while the diffuse regions at the lower part of the image are consistent with the spectrum for chromite, FeCr2O4. The intensity map for the 684 cm -1 peak is shown in Figure 6 b) indicating the presence of chromite in the majority of the oxide, extending into the filamentary structures of the IOZ. The bright regions in the lower part of the 1350 cm -1 map of Figure 6 c) indicate the presence of graphite with the low-degree order. It can be noted that while the peak intensity maps are consistent with the EDS element maps, but the Raman spectra reveals further information about the types of oxide present within the scale.
Discussion
The sample of 9Cr-1Mo steel examined here has entered breakaway oxidation, as shown by its thick multilayered oxide at the fin tip and the presence of a crack aligned radially from the fin tip corner near the metal/oxide interface to the outer surface of the duplex layer. SEM and EDS data obtained close to the metal/oxide interface are consistent with those found previously in breakaway oxidised samples 16 , indicating a spinel layer containing some deposited carbon, an IOZ layer with filamentary oxide structures and chromiumrich carbides within the metal. The scanning laser Raman spectroscopy has provided further information on types of oxide present, confirming the presence of the spinel chromite (FeCr2O4) and also chromia (Cr2O3) which appears distributed in small areas close to the IOZ layer. The technique also identified the graphite with the low-degree order presents in patches within the spinel 17 .
The oxidised region evaluated in Figure 3 has a complex morphology, and while the onset of breakaway oxidation is clearly linked to sample geometry, it is not clear whether the cracking that often occurs within the oxide scale is the cause of breakaway by allowing ingress of gas to the metal-oxide interface, or whether breakaway is triggered by the high carbide content within the metal which gives rise to a rapidly moving oxidation front, with cracking occurring as a result of this rapid growth. Moreover, the process is potentially exacerbated by the multi-layering of spinel and magnetite. The complexity of the oxide system complicates the measurement of strain because any shift in the position of a specific Raman peak may be due to strain, a change in oxide type, the presence of an impurity element or a combination of these [18] [19] [20] . The position of the main Cr2O3 peak for the reference sample was 553 cm -1 , while that obtained from the chromia within the 9Cr-1Mo sample was at 555 cm . This preliminary work would suggest a compressive stress of 0.5 MPa following the investigation and calibration undertaken by Birnie et al 14 . But this indicative stress assumes that there are no stresses within the reference sample and, more importantly, that there are no compositional effects present. The identification of some of the oxide types present within the material however, confirms the value of scanning laser Raman spectroscopy for investigating these complex oxidation processes that occur within the ferritic 9Cr-1Mo steel components.
Conclusion
Optical and scanning electron microscopy, energy dispersive X-ray analysis and Raman spectroscopy have been combined to analyse a region of 9Cr-1Mo steel in breakaway oxidation. Chromite (FeCr2O4), chromia (Cr2O3) and graphite with the low-degree order were identified by Raman spectroscopy and peak intensity maps were used to show their locations with a spatial resolution of approximately 1 µm. The complexity of the oxide structure present complicates the measurement of strain in the material.
